Shallow subsurface resources are progressively used for the production of geothermal energy, i.e. for the installation and operation of a broad variety of Geothermal Energy Systems (GES). Additionally, in many urban areas there is a surplus of heat from large buildings and constructions reaching into the groundwater saturated zone. Likewise, groundwater is more often used as a cheap cooling medium. As a result, significantly increased subsurface temperatures have been observed in many urban areas. Several studies investigated how the so-called "Subsurface Urban Heat Island" (SUHI) effect and how current thermal subsurface regimes developed. However, a sustainable management of subsurface resources requires a general understanding on how "current thermal states" of subsurface and thermal regimes developed in context of different urban settings and boundary conditions. These aspects yet are mostly unexplored. In practice mitigation measures are generally taken for individual projects. Thereby, a consideration of the broader context of hydrogeological and thermal processes and boundaries and the interacting thermal activities could lead to a more sustainable use of subsurface energy resources. Besides providing an overview of subjects related to the thermal management of urban subsurface resources this review paper summarizes the results from different research projects that have been realized in the densely urbanised area of Basel in northwestern Switzerland.
1. Introduction
Current thermal state of shallow urban subsurface resources
Recently, several studies investigated the SUHI effect [1] [2] [3] [4] . However, a general understanding of how the "current thermal state" of the subsurface and thermal regimes developed in the context of different urban settings and boundary conditions is mostly unexplored. Some studies indicate that increased temperatures of subsurface resources and the associated stored geothermal energy in urban areas mainly originate from local and regional anthropogenic factors, while climate change is secondary [4, 5] .
Why is SUHI relevant? Heating and cooling using groundwater (resp. the subsurface in general) is often performed without considering potential effects on subsurface resources as well as the multiple interactions of different subsurface utilizations. Uncoordinated use can lead to conflicts among different subsurface users, and specifically thermal pollution of subsurface resources may lead to large-scale thermal impacts and impairments of groundwater quality. As SUHI strongly influences thermal regimes of soil and groundwater systems [6] , the effects are, and increasingly will be, a global groundwater quality issue. So far, little is known about influences of increased temperatures on groundwater quality, including biological, chemical and physical aspects [7] [8] [9] [10] [11] [12] .
Concepts and legal framework for thermal management
For most urban areas, concepts for the thermal management of groundwater resources are missing. So far, the attitude "first come, first served" dominates. For some cities, first fundamentals for a more targeted thermal management of the subsurface are being developed and the essential thermal factors and causes of groundwater heating were evaluated. In [13] we could present chances for, and limitations of, the intensive thermal use of the shallow subsurface in urban areas in the context of the current energy debate in Germany.
In general, it is accepted that in urban areas subsurface infrastructure development should not lead to further thermal pollution of groundwater resources. It is obvious, however, that the current unregulated approach of managing energy resources, especially in urban areas, will not be able to sustain future demands. Therefore, more actively managed approaches are needed to meet energy demands [14] . Whereas some guidelines for new GES exist, regulations concerning the requirements for, e.g. building isolation, subsurface structures are scarce [15, 16] .
A sustainable use of subsurface resources requires compulsory regulations as to which requirements are to be met for the approval of GES. In general, these requirements concern authorization procedures for individual installations. However, in most urban areas, the usage pressure on subsurface resources is high and today individual exploits are already competing. New usage requests can therefore not be assessed without taking into account the overall context and the current state of the situation and existing subsurface uses.
Although legal frameworks for water protection as well as water policy have continuously been adjusted in the last decades, considerable damage to subsurface resources still occurs. Previous studies only concentrated on potential mitigation 1 [17] of various impacts. There are several reasons for this: (1) More attention is paid to purely technological problems concerning water management rather than to issues dealing with sustainable water use; (2) Water protection and engineering projects were planned under outdated legal frameworks and would not be approved today. Nowadays more restrictive laws, as well as changed perceptions and policy concerning water resources apply; (3) Realization of water protection is still orientated mainly towards documentation of changes in the flow regime 2 and water quality, whereas less attention is paid to the prediction of future demands and to the management of water resources in general; (4) Until now, the impacts of engineering measures on water systems were only regarded as solitary and limited events. However, examinations of the interactions between the impacts and other activities as well as changing boundary conditions were not attempted; and (5) Existing legal frameworks for water protection usually focus on the local monitoring of a set of given parameters rather than on the understanding of the fundamental processes and long-term changes.
Thermal potentials and resource management
Generally, thermal waste energy today is often dealt with in the same unconcerned way as garbage was treated decades ago [4, 15] . Heat-input of subsurface structures and GES can develop large heat plumes (Thermally Affected Zones TAZ) in the aquifer. In principle, the aquifer could be directly 'mined' to exploit and store thermal waste energy, whereas technologies would be particularly suitable in new buildings and infrastructures in centers of economic 1 The term "mitigation" encompasses a broad range of measures that might reduce or compensate the effects of environmental damage. 2 The term "flow regime" includes all flow patterns, velocities and budgets for a defined region in a temporal context. growth. So far, only a few studies exist that approach resource management and the exploitation of ground source energy at the scale of urban aquifers (e.g. [4, 14] ).
In future, owing to innovative building materials, the demand of geothermal energy from the shallow urban subsurface will decrease, whereas the demand for cooling will increase [14] . Much of the early development of GES across Europe has been for small scale residential heating systems. In densely populated areas however, the capacity of subsurface resources required to supply large unbalanced cooling loads is likely to be increasingly prohibitive for larger schemes [14] . In contrast, the International Energy Agency [18] emphasized that the largest contribution to carbon dioxide reduction by heat pumps can be made through the use of thermal energy storage systems providing balanced heating and cooling for larger commercial buildings. It is noteworthy however, that many commercial buildings have unbalanced, cooling dominated demands [14] . The magnitude of the resource available from an aquifer beneath a city depends on the scale of the aquifer from which the energy is extracted, but also on how balanced heating and cooling demands are. To overcome this, hybrid schemes incorporating supplemental cooling (e.g. cooling tower) can be used to improve overall system efficiency [19, 20] .
There are several real-world applications which were realized by pilot studies, and some of them also were part of large infrastructure projects. Relatively recent developments of energy geostructures suggested that using the thermal properties of concrete foundations (piles, diaphragm walls, concrete slabs) increase the efficiency of the heat exchange between the ground and Ground Heat Exchangers (GHE [21] [22] [23] ). Several practical applications of this technology are already operational particularly in some countries such as Austria, Germany, the United Kingdom and Switzerland [21, [24] [25] [26] [27] [28] [29] [30] .
Besides exploiting subsurface energy potentials, the subsurface is and will be increasingly used for different thermal storage applications [31] [32] [33] . Worldwide, the number of Aquifer Thermal Energy Storage (ATES [34, 35] ) and Borehole Thermal Energy Storage (BTES [35, 36] ) systems continuously increased over the last 15 years and are expected to further expand in future. The local surplus of heat production during summer observed in many urban areas could be stored in appropriate geological reservoirs and retrieved during winter months [37] . Thereby, heating and cooling related emissions could be significantly reduced by thermal activation of the subsurface and sustainable management by means of ATES. Whereas studies exist where single or several ATES-systems are evaluated [38, 39] , the integration of ATES into urban thermal management strategies is rare. Thermal boundaries and the role of subsurface structures
Approaching thermal management of subsurface resources by heat-transport modeling
Commonly, applications for Geographic Information Systems (GIS) are developed for the thermal management of urban subsurface resources. However, their use is limited, because of the high dynamics of hydraulic and thermal subsurface regimes and the interaction of the different natural and anthropogenic boundary conditions. For that reason, it is advisable to use numerical approaches for the thermal management of subsurface resources. They should be applied in the same way as regional groundwater resource models are routinely used to manage and regulate the use of aquifers.
Numerical groundwater flow and heat-transport models are based on discretization schemes that require a specific value for the hydraulic and thermal properties to be attributed to each discrete element. Furthermore, the hydraulic and thermal conditions at the model boundaries (e.g. specified hydraulic heads and temperatures, flow and heat-flow rates) have to be defined. A "good" characterization of these parameters is the key to reliable model performance [40] and is achieved through inverse modeling approaches (e.g. [41] ) and constrained by observation data and knowledge of the subsurface as well as of the hydraulic and thermal processes. Therefore, one of the key requirements is highquality, site-specific data [42] .
2. The Basel case-study 2.1. Assessing "thermal states" of urban subsurface resources Naturally, the temperature of groundwater corresponds to the mean annual air temperature. For the urban area of Basel (Switzerland), therefore groundwater temperatures of around 10°C would be expected. However, evaluations in highly industrial and commercial areas of Basel show that the groundwater is heated by up to 6 to 8°C [43] .
The results of a pilot project in an industrially intensively used area of Basel show how to derive a "current thermal state" of the subsurface with regard to heat input and heat transfer [15] . We could show that in addition to natural thermal boundaries, such as river-groundwater interaction, urban thermal subsurface regimes and SUHI are affected by anthropogenic thermal activities. The latter include the effect, with progressive urbanization, of heated buildings reaching into the aquifer and thermal groundwater use for cooling. We could demonstrate, for the pilot area investigated, that the diffuse thermal impact of subsurface structures (heated buildings within the groundwater saturated zone) can be substantial. Also residence times of thermal changes in different regions of the GWB can be very different ("thermal memory of the subsurface"). For the GWB in Basel and depending on local groundwater flow velocities, the time to reach a new thermal equilibrium ranges between 4 and 8 years [4] .
In [4] a potentially undisturbed, pre-exploitation natural state, of the urban GWB of Basel was evaluated. The results of this work illustrate how the thermal groundwater regime developed before major urbanization occurred. The potential "natural thermal state" thereby provides a measure for a reference temperature state of GWBs. We could illustrate that for the urban area of Basel "climate change" is not a decisive factor for the observed elevated groundwater temperatures. On the contrary, urban thermal influences are more relevant, whereby groundwater is mainly heated by the "waste heat" of buildings and by the use of groundwater for cooling [15] .
Capturing thermal processes and boundaries
Urban thermal subsurface regimes are influenced by a superposition of numerous thermal processes, such as ( Fig.  1): (1) urbanization and annual heating periods; (2) thermal groundwater use; (3) seasonal trends; (4) river-groundwater interaction; and (5) climate change and consequences thereof [15] . Natural thermal effects on urban GroundWater Bodies (GWB 3 ) include the atmospheric influence [44] , the regional groundwater flow and thermal regime [15] and, depending on the hydrogeological settings, also river-groundwater interaction [45] . Anthropogenic thermal boundaries include the impact from highly variable surface sealing, infrastructure installations, industrial groundwater use and by a broad variety of GES for heating [46, 47] and cooling [48] as well as the direct impact of the urban structures itself (e.g. heated cellars [49] ). Until now, little is known about how to adequately consider subsurface structures (e.g. building, tunnels) for regional modeling, although the processes themselves are well investigated [49] . The GroundWater Body (GWB) approach was introduced by the Water Framework Directive Commission (CEC 2000). A GWB is a distinct volume of groundwater that can effectively be managed and for which boundary conditions (hydraulic, thermal, chemical, etc.) can be delineated. Most urban aquifers comprise several isolated or connected GWBs.
In order to capture the different thermal processes as well as hydraulic and thermal boundary conditions requires the selection and setup of state-of-the-art monitoring and modeling tools ( Table 1 ). The iterative integration and combination of investigative methods, together with the analysis of multiple data sets, considerably improves the description of the subsurface resources as well as flow and thermal regimes. 
Temperature observation systems
Continuous temperature observation Interactive GIS as a project-specific planning basis Time series analyzes of existing conventional temperature measurements in Basel showed that comparative interpretations were only possible to a limited extent. This is mainly due to (1) the non-uniform expansion of the measuring points (diameter, filter distance); as well as missing information on the (2) position of the measuring probe; (3) sensitivity to changes in the groundwater flow regime, including infiltration of surface water and the influence of groundwater utilization; as well as (4) measurement errors and data jumps. For this reason, depth-differentiated temperature measurement systems were installed in the saturated and unsaturated zone for an improved process understanding. In addition to natural thermal influences (infiltrating surface waters and precipitation, regional groundwater flow, thermal conductivity of the ground cover), anthropogenic inputs (thermal groundwater use, GES as well as buildings and tunnel structures) could be evaluated at the different monitoring locations. The data of the different monitoring systems (conventional and depth-differentiated) are the basis for a long-term documentation of thermal changes in the various urban areas with different boundary conditions.
The data sets of the monitoring systems are also the basis for the parameterization of boundary conditions as well as the calibration and validation of flow and heat-transport models. The derivation of heat balances by means of numerical heat-transport modeling enables to identify thermal potentials of aquifer regions and different subsurface structures. With the calibrated flow and heat-transport models possible hydraulic and thermal changes could be simulated by means of scenario calculations. Scenario calculations also include an assessment and quantification of the impact of planned additional groundwater use on existing uses as well as urban development (on the basis of development plans and tunnel projects). Likewise, in [50] we could cover a numerical evaluation of how to optimize depthoriented temperature measurements when investigating thermal influences on groundwater resources.
Results of the analysis performed in Basel have shown that the most important anthropogenic thermal boundary is due to the influence of heated building structures [4] . In [51] a systematic evaluation of the thermal impact of subsurface building structures on urban groundwater resources was presented. The article emphasizes the importance of considering the thermal impact of subsurface structures, which is commonly underestimated owing to a lack of information and reliable subsurface temperature data. It was demonstrated that thermal impacts have to be differentiated into temperature changes induced by subsurface structures and heat-loads into the subsurface. This relationship questions the validity of the most current legislation rules that generally only refer to groundwater temperature changes.
Transferability and risk assessment
In [43] we developed concepts for the management of thermal resources in urban areas. The developed concepts and methods have been applied to and tested for specific thermal issues of selected areas in the urban agglomeration of Basel. The applicability and transferability of the concepts and methods to other urban areas was assessed by a comparison study with Zaragoza, Spain. It was shown how the relative contributions of the different thermal parameters and boundary conditions result in the "current thermal state". Those thermal processes and boundary conditions which are relevant could be identified for both pilot areas. We could demonstrate that an appropriate selection of locations for monitoring hydraulic and thermal boundary conditions enables representative interpretations of groundwater flow and thermal regimes. In addition, this approach facilitated the setup of high-resolution numerical flow and heat-transport models which now could form the basis for the sustainable management of thermal resources. Although the topics of the investigations may differ in terms of objectives and scales, the results obtained are similar for many geologic and hydrogeological problems in other urban environments.
Furthermore, for the urban GWB of Zaragoza qualitative issues of thermal resource exploitation, and also to induced risks associated with the operation of GES were investigated. In [52] it is shown that the increase in heavy metal concentrations, caused by the intensive use of groundwater heat pump systems, is not primarily driven by temperature changes. In addition to mere temperature changes, other temperature dependent parameters such as pH-modifications, redox potential, electrical conductivity, dissolved oxygen and alkalinity correlate with heavy metal concentrations. Therefore, it is important to understand the interaction and feedback processes between the different physicochemical parameters. In [53] we contributed to the discussion of a reactive transport model for the quantification of the induced risks induced by groundwater heat pump systems in urban alluvial aquifers.
Conclusions and research outlook
The result of the research presented facilitates the characterization of short-term impacts and long-term development of flow and thermal regimes in urban areas. Furthermore, for the GWBs studied it was possible to delineate the necessary investigation methods required for answering the relevant management question and for understanding thermal subsurface regimes at different scales. It could be demonstrated that the temperature increase of subsurface resources and the associated stored additional geothermal energy in urban areas mainly originated from local and regional anthropogenic factors, while the impact of climate change appears to be secondary.
The setup of state-of-the-art depth-differentiated groundwater temperature monitoring systems is capable to determine selected thermal impacts. Such monitoring data are indispensable in regard of parameterizing and calibrating groundwater heat-transport models. They also are the basis for the formulation of long-term future monitoring strategies. Quantitative modeling approaches can be the scientific basis for thermal management strategies to better understand how thermal states of urban GWBs develop. The combination of such methods with GIS for the evaluation of thermal potentials can be the basis for management concepts and an overall economic and ecological planning of thermal subsurface resources.
The reason for increased groundwater temperatures in many urban areas can be explained by a superimposition of different influencing factors, including: (1) transmission of the urban heat island effect also detected on the surface; (2) winter heating periods of subsurface buildings; (3) increasing thermal groundwater use for cooling purposes; and (4) effects of climate change, as an integral input via (A) the surface and (B) surface-groundwater interaction processes. Whereas, heat budgets related to the natural boundaries across the different boundaries are balanced throughout the year, for the studied urban GWBs the budgets related to the anthropogenic boundaries are mainly positive and result in the warming of the urban GWBs.
Our concept which involves the determination of a "potential natural" and "current thermal states" of GWBs enables to assess of the temporal and spatial thermal dynamics of urban subsurface resources. We could show that knowledge of possible competitive uses (groundwater protection, existing groundwater utilization and spatial planning aspects) as well as future utilization requirements is central. The knowledge of the "current thermal state" is the basis for decisions regarding (1) preferred type of use (open or closed system); (2) dimensioning of installations; (3) the location and number (density) of the intended installations; and (4) the reinjection of the groundwater used.
Future research should focus on the quantification of uncertainties which would support the scientific basis for the development of thermal management strategies, and enable an understanding of how the thermal states of urban GWBs developed. A critical analysis by means of numerical modeling would permit one to obtain approximations regarding parameter variability and how to reproduce thermal processes. In addition, uncertainty in heat-transport models should be assessed by accounting not only for uncertain subsurface parameterization, but also for uncertain boundary conditions. Another focus, to better understand how the thermal state of aquifers developed, would be on the improvement of regional evaluation strategies. Therefore, the "current thermal states" of selected case-study cities should be evaluated and compared.
Future discussions on sustainable subsurface planning, including the thermal management of subsurface resources as well as a more coordinated efficient thermal use, need to be supported. These innovations are indispensable in the context of questions concerning the debate on climate change and energy transition, as well as for reaching formulated development goals as, for example, the 2000-Watt-Society 4 . There is no doubt that efficient heating and cooling schemes will be key factors in the development of low carbon cities.
